Siloxane-containing vaterite (SiV) particles with red-blood-cell-like morphologies were prepared by a CO 2 gas carbonation process for application as osteogenic devices in bone tissue engineering. The particles release soluble silica species and calcium ions, which are expected to genetically stimulate osteoblasts to enhance bone reconstruction. The released particles possessed the mean diameter of 2¯m¯with the thickness of approximately 0.7¯m. The BrenauerEmmettTeller surface area was estimated to be 76 m 2 ·g ¹1 . In addition, the shape of the nitrogen adsorptiondesorption hysteresis of the particles indicated the presence of slit-or wedge-shaped mesoporous structures. The particles were primarily composed of vaterite with aminopropyl-functionalised siloxanes in the silicon mass percentage of approximately 2 wt %. Soluble silica species and a trace amount of calcium ion were released into the physiological pH buffer solution (pH 7.4) during the initial 1 h of soaking. To estimate its potential for loading functional molecules, polylactide (PLA) was used as the model molecule and the SiV particles were prepared in their presence. Fourier transform infrared spectrometry of the sample revealed that PLA formed a carboxylate salt with the calcium ions and was loaded into the mesoporous structures. Upon contact with the buffer solution, the calcium-salt PLA and siloxane were released simultaneously within the initial 1 h of soaking.
Introduction
Following the influential publication of Xynos et al, 1) ,2) soluble silica species have gained prominence as a promising inorganic osteogenic promoter. In their report, soluble silica species and calcium ions from Bioglass μ 45S5 were confirmed to promote bone formation by stimulation of genes within the osteoblast cells, causing enhanced IGF-II expression. 1) 3) The use of these inorganic ions as a stimulation agent for bone formation is applicable to various scaffolds fabricated with methods that involve organic solvents and heating processes. 4 ), 5) Previously, the authors developed particles of vaterite-containing siloxane (SiV) for enclosure into polylactide (PLA) matrices to produce electrospun fibermats called SiPVH. 6)8) Vaterite is the least thermodynamically stable polymorph of calcium carbonate; therefore, it is soluble in body fluid and releases calcium ions. Moreover, carbonate ions are simultaneously released, which contribute to neutralise the pH decrease at the inflamed implantation site. The SiV particles also contain siloxane derived from £-aminopropyltriethoxysilane (APTES). At the implant site, the SiOSi bond in siloxane hydrolyses to produce soluble silica species. Moreover, the aminopropyl moiety provides organic functional sites to bond with the carboxyl groups in PLA. The in vitro and in vivo tests were conducted on SiPVH electrospun fibermats. 6) When murine osteoblast-like cells (MC3T3-E1) were seeded, significantly larger numbers of cells were observed on the SiPVH fibermats in comparison with those on a vaterite/PLA composite. The expression of ALP was also significantly higher on the SiPVH fibermats. These results demonstrated the ability of released ions from SiV to enhance bone formation. The in vivo test was performed by covering a hole-shape defect (12 mm¯) in rabbit calvarias with an SiPVH/PLA bilayer fibermat. After 4 w of culture, bone nodule was newly formed at the centre area of the fibermat, where no host bone tissue was attached.
The addition of antibiotics is commonly used in materials design with tissue engineering grafts to improve antimicrobial prophylaxis at the periphery of implant sites. 9)11) Loading antibiotic molecules on a SiV particle allows for their simultaneous release with the soluble silica species and calcium ions. The SiV particles have been prepared in methanol; 6) however, in the present work, the preparation was conducted using an acetonemethanol mix solvent, which was intended for the coaddition of antibiotic molecules. PLA, a Food and Drug Administration (FDA)-approved biocompatible polymer containing a terminal carboxyl moiety that favours coordination with functional cations such as silver (I), was used in this work as a simple model molecule. The SiV particles prepared concomitantly with PLA exhibited the ability to load PLA. The structures of these particles were characterised by electron microscopy, a nitrogen adsorption analysis, X-ray diffractometry and spectroscopic analyses. The way of PLA loading in the particles is discussed below. The dissolution tests of these particles were performed in the physiological pH buffer solution.
Experimental section

Preparation of SiV particles
SiV particles were synthesised following a carbonation method in an acetonemethanol mix solvent. In summary, 10 mL of distilled water, 15 g of calcium hydroxide (Yabashi Industries Co., Ltd., Japan) and 6 mL of £-aminopropyltriethoxysilane (Momentive Performance Materials Inc., Japan, denoted as APTES) were added to 200 mL of equivolume mixture of methanol (Wako Pure Chemicals Inc., Japan, Medical grade) and acetone (Wako Pure Chemicals Inc., Japan, Medical grade) while stirring. Each chemical was added at 20 min intervals. The slurry was bubbled with carbon dioxide gas at a rate of 2 L min ¹1 for 60 min. The gel was aged for 12 h at room temperature and then heated at 110°C for 24 h to remove residual solvents. The resulting powder was ground to ensure the production of monodisperse particles.
PLA [LACEA μ ; mass average molecular weight (M w ): ³140 kDa, polydispersity (M w /M n ): 1.7] was heated at 250°C for 3 h in an electrical furnace. The resulting M w and M w /M n values of PLA were estimated from size-exclusion chromatography (SEC) to be 26 kDa and 1.7, respectively. This compound will hereafter be referred to as PLA HT . Furthermore, the SiV particles were prepared by following the same method but with the dissolution of 5 g of PLA HT in the mix solvent at the beginning of the process. Hereafter, the SiV particles prepared in the acetonemethanol mix solvent are denoted as SiV AM and SiV AM -PLA depending on PLA addition. The silicon content of each type of particle was estimated by dissolving a specific amount in 1 M nitric acid, and thereafter measuring the concentration of silicon with an inductively coupled plasma atomic emission spectroscope (Shimadzu, ICPS-7000; ICP-AES) (n = 3). Nitrogen adsorptiondesorption isotherms were measured with a Quantachrome AS-6 Automatic Sorption Analyzer. Calcium carbonate particles containing no APTES but PLA HT were also prepared by the carbonation process. These particles will hereafter be referred to as CC-PLA. The samples were evaluated with an X-ray diffractometer (PANalytical, X'pert-MPD; XRD) and an attenuated total reflectance Fourier transform infrared spectroscope (JASCO, FTIR 4000 spectrometer equipped with ATR PRO 450-S attachment; ATR-FTIR spectroscope). 1 H 29 Si cross-polarization magic angle spin nuclear magnetic resonance ( 29 Si CP/MAS-NMR) spectra of the SiV AM and SiV AM -PLA particles were recorded on a Varian UNITY Inova 400-plus NMR spectrometer operating at 79.49 MHz. The morphologies of the particles were observed with a scanning electron microscope (SEM) using an accelerating voltage of 15 kV (JEOL, JSM-6301F). The dimensions of the samples were measured from obtained images using ImageJ software (US National Institutes of Health, n = 30). To image the cross-section of the SiV AM particles, they were embedded in poly(methyl methacrylate) resin, and thereafter, sections were prepared by focused gallium ion beam (FIB) milling (JEOL, JEM-9320-FIB). The samples were observed with TEM at 200 kV (JEOL, JEOL-2100F).
Dissolution study in physiological pH buffer solution
Tris buffer was prepared in a water bath warmed at 36.5°C, in which 6.118 g of tris(hydroxymethyl)aminomethane was dissolved in 900 mL of distilled water. The pH was adjusted to 7.40 using 1.0 M hydrochloric acid solution. The resulting solution was transferred to a 1 L volumetric flask and brought to volume with distilled water to achieve a 0.05 M Tris buffer solution. The dissolution study was performed by soaking 1.0 g of the SiV AM or SiV AM -PLA particles into 10 ml of the Tris buffer solution and incubating at 36.5°C for 3 h. The samples were then filtered and dried at 50°C. The dried samples were evaluated with ATR-FTIR. The concentrations of soluble silica species and calcium ions in the soaking solutions were measured with an inductively coupled plasma atomic emission spectroscope (Shimadzu, ICPS-7000; ICP-AES) (n = 3).
Results and discussion
Characterization of SiV particles with redblood-cell-like morphologies
Figures 1(a), 1(c), 1(d) show the SEM images of the SiV AM , SiV AM -PLA and CC-PLA particles, respectively. The SiV AM particle showed a uniform specific morphology that resembled human red blood cells [ Fig. 1(a) ]. The particles had a mean diameter of approximately 2¯m and a thickness of approximately 0.7¯m. From their image at higher magnification [ Fig. 1(a) inset], the surface of the particle was found to consist of spherical particles with the diameter of 4070 nm and their aggregates. The red-blood-cell-shaped particles were reported to form as a superstructure of planar unit particles by their multi-layered stacking.
12)14) According to the TEM observation of a SiV AM particle section that was sliced perpendicular to the radial axis [ Fig. 1(b) ], the particles were found to have layers with individual thicknesses of 1030 nm, implying that the SiV AM particles consisted of planar unit structures. The morphologies with same dimensions were also observed in the SiV AM -PLA particles [ Fig. 1(c) ]. The CC-PLA particles were observed as a mixture of particles with two different morphologies: irregular-shaped particles with a size of approximately 1¯m and angular-shaped particles with a size smaller than 0.5¯m [ Fig. 1(b) ].
Nitrogen adsorptiondesorption analysis on the SiV AM particles provides type IV isotherms, indicating the presence of mesoporous structures (Fig. 2) . Their BrunauerEmmettTeller (BET) surface area was estimated to be approximately 76 m 2 ·g ¹1 . In addition, the adsorptiondesorption hysteresis showed an intermediate shape of types H2 and H3 in IUPAC classifications. 15) In particular, type H3 hysteresis suggests the existence of slit-or wedge-shaped pores, which are formed in the aggregated planar particles. Thus, the hysteresis may correspond to the gaps between the nano-layered structures observed in Fig. 1(b) . The SiV AM -PLA particles exhibited a type IV isotherm with significantly narrower type H3 adsorptiondesorption hysteresis compared with that of SiV AM . A BET surface area of this sample was estimated to be 25 m 2 ·g
¹1
. These results suggested that most of the pore structures in the SiV AM particles were loaded with PLA molecules in the SiV AM -PLA particles; however, certain volumes of slit-shape pores remained unloaded, which was indicated by the narrowed hysteresis shape.
The XRD patterns of these particles are shown in Fig. 3 . The patterns from the SiV AM and SiV AM -PLA particles had four diffraction peaks in the 2ª value from 20 to 35°, which corresponds to the diffractions of vaterite. The pattern from CC-PLA contained the peaks of vaterite with a notable peak at 29°, which corresponds to the main peak of calcite, the most thermodynamically stable polymorph of calcium carbonate. During the preparation of CC-PLA particles, a dissolution-reprecipitation of vaterite would occur in the solvent containing deionized water, leading to the formation of calcite, as observed in CC-PLA. In the cases of SiV AM and SiV AM -PLA particles, the APTES-derived siloxane was assumed to protect vaterite primary particles from contacting with moisture and interrupt the calcite formation. Both SiV AM -PLA and CC-PLA showed a peak at 16°, which was assigned to the diffraction peak from the crystalline part of PLA. 16 ), 17) The SiV AM and SiV AM -PLA particles were estimated to contain 2.0 and 1.6 wt % of silicon, respectively, from the ICP-AES analysis. To achieve insight into the structure of these trace amounts of APTES-derived siloxane, 29 Si CP/MAS-NMR was performed on the particles (Fig. 4) . T n indicates the connectivity of tri-functional silane, in which T 0 indicates a single silane molecule and T 3 represents the silane connected with three SiO Si bridging oxygens. In the spectrum from SiV AM , three peaks could be observed at the chemical shifts of ¹39 (T /CO 3 2¹ uni-ionic plane. This plane is often stabilised by the supplementation of counter-charged ionic species, which control crystal growth directions to form unique hexagonal planer vaterite particles.
18), 19) In the SiV particles, the silanol groups in the APTES-derived siloxane are presumed to play an important role in vaterite stabilization, as well as serving as a template for the formation of the planar unit particles by restricting their crystal growth in specific axis. Besides, the acetone in a preparation solvent is known to have low electrophilicity. 20) Thus, it shows the limited solubility of CO 3 2¹ ion, which also could influence the crystallization habit of vaterite. Further characterization, such as TEM-energy dispersive X-ray atom mapping and electron beam diffraction analysis would be done in the future to clarify the detailed structure of SiV AM particles.
ATR-FTIR was performed on the SiV AM , SiV AM -PLA particles and PLA HT (Fig. 5) . In the spectrum from PLA HT , the C=O stretching band from ester bonds was observed at 1749 cm ¹1 . The bands originating from the PLA backbone were observed in the area of 10001200 cm
, namely the COC asymmetric/symmetric stretch (1182 cm ¹1 /1084 cm ¹1 ), CH 3 rocking mode (1128 cm
) and CCH 3 stretch (1044 cm ¹1 ). SiV AM showed a notable band at 1460 cm ¹1 and minor adsorption bands at 1128 and 1030 cm ¹1 . The former is assigned to the asymmetric stretch of the CO 3 2¹ ion (¯3), and the latter is from SiOSi bonding from 
29
Si CP/MAS-NMR spectra of SiV AM and SiV AM -PLA particles. The dashed lines show the Gaussian fitted peaks. The expected molecular structures of siloxane in the samples were also illustrated. the siloxane. In the spectrum from SiV AM -PLA, the bands of¯3 and SiOSi bonding were observed similar to SiV AM . The band at approximately 1750 cm ¹1 and the increased absorption intensities in the area of 10001200 cm ¹1 indicated the presence of PLA molecules in the particles. Precise scans of the area from 1500 to 1900 cm ¹1 (Fig. 5, inset ) revealed a newly formed band at 1636 cm
¹1
, which corresponds to the COO ¹ group, suggesting the formation of a salt from the terminal carboxyl group in PLA with cations. In particular, in the SiV AM -PLA particles, the source PLA HT had been exposed to the calcium-rich solvent during their preparation process. We may thereby conclude that PLA predominantly formed a calcium salt (Ca-PLA) and was loaded in the mesoporous structures of the SiV particles.
Dissolution behaviour of SiV particles
Short-term dissolution studies of the SiV AM and SiV AM -PLA particles were performed by soaking these particles in a Tris buffer solution for up to 3 h. Figure 6 shows the silicon and calcium concentrations in the solution after soaking the samples. ¹1 of silicon after 1 h of soaking, an amount closely approaching the total silicon content in the SiV particles. While the release mechanisms of the silicon were similar, calcium was released in different manner from these samples. From the SiV AM particles, approximately 0.1 mmol·L ¹1 of calcium was released over the entire period of soaking. Following soaking, the particles were evaluated with ATR-FTIR (Fig. 7) , which revealed that the sample showed a band at 746 cm ¹1 . This band was assigned to the in-plane bending (¯4) of CO 3 2¹ ion from crystalline vaterite, which was seen to occur even after the end of the soaking period. These results suggest that vaterite in the SiV AM particles are enclosed in the APTES-derived siloxane, which physically suppresses vaterite from making contact with the soaking solution to retard calcium release. On the contrary, the SiV AM -PLA particles released 1.1 mmol L ¹1 of calcium within the initial 1 h of soaking. According to the evaluation of the sample after 1 h of soaking with ATR-FTIR, a significant decrease of absorption was observed in the band of the PLA backbone vibration. Besides, an absorption band at 710 cm ¹1 , the¯4 band of calcite, newly appeared, while that of vaterite was present. The band of vaterite almost disappeared after 3 h of soaking. These results clearly indicated that the Ca-PLA molecules, which were loaded in the pore structures in the particles, as well as a part of vaterite in the particle, were released at the onset of their dissolution. This release led to the increase of calcium concentration in the initial stage of soaking.
In orthopaedic surgeries, pre-(02 h in advance) and peri-(³3 h afterward) surgical administration of antimicrobials is known to be the most effective method for reducing the risk of infections. 21) These dissolution behaviours suggest potential applications of SiV AM -PLA as a drug vehicle in these medical applications.
Conclusions
In the present work, SiV particles were synthesised by a carbonation process in an acetonemethanol equivolume mix solvent (SiV AM ). The particles obtained possessed morphologies resembling red blood cells with a mean diameter of 2¯m. The Fig. 5 . ATR-FTIR spectra of SiV AM , SiV AM -PLA particles and PLA, which were used for preparation. Inset shows the intensified spectra of SiV AM and SiV AM -PLA particles. Intensities of spectra from SiV samples were normalised at¯3 bands. particles had a multilayer structure with an individual thickness of 1030 nm, which showed characteristic hysteresis of a slit-or wedge-shaped pore in the N 2 adsorptiondesorption isotherm. Dissolving PLA into the mix solvent prior to SiV synthesis led to the formation of a calcium salt at the terminal carboxyl group and subsequent loading into the pore structures of the resulting SiV particles (SiV AM -PLA).
In the Tris buffer solution, the SiV AM particles showed fast release of soluble silica species within 1 h of soaking, whereas no significant release of calcium was observed. In the case of SiV AM -PLA, both soluble silica species and calcium were found to be released simultaneously within 1 h of soaking. The calcium release was further confirmed to be facilitated by the dissolution of the Ca-salt PLA and vaterite from the particles.
